Introduction
Parkinson's disease (PD) is a common and incurable neurodegenerative disorder. Loss of midbrain dopaminergic neurons (mDA) of the substantia nigra is the key pathological event in this disorder, but why this cell loss occurs remains a mystery. Much progress has been made by studying genes mutated in inherited forms of PD, thereby identifying cell pathways that might contribute to neuronal death (Hardy, 2010) . One such gene is SNCA which encodes ␣-synuclein. Point mutations and multiplications of SNCA cause familial PD, and variation at this locus is linked with the common sporadic form of the disease. Furthermore, ␣-synuclein protein is the main component of Lewy bodies: cytoplasmic inclusions seen in mDA neurons that define the disease pathologically. Thus, ␣-synuclein appears to play a central role in PD pathogenesis. However, studying how it exerts its toxicity has been hampered by the inaccessibility of diseased neurons from patients with the condition, and cell culture systems and transgenic animal models have generally failed to fully recapitulate the human disease.
In a recent paper in The Journal of Neuroscience, Lin et al. (2012) described a novel transgenic mouse that aims to model PD-related ␣-synuclein pathogenesis more fully. First, expression of the tetracycline transactivator (tTA) was brought under control of the promoter of Pitx3, which is mainly expressed in mDA neurons from mid-gestation and throughout adulthood. These animals were crossed with a tetO-A53T line in which expression of human SNCA bearing the diseasecausing mutation A53T is triggered by the presence of tTA. This strategy yielded mice that express human A53T SNCA (hereafter A53T for short) selectively targeted to mDA neurons. A twofold to fourfold increase in expression over endogenous protein was observed.
These A53T mice displayed features in keeping with existing cell and animal models of PD. They had profound posture and motor abnormalities (impairments in rearing, gait and rotarod test) by 1 or 2 months of age, although they developed normally and had a normal life expectancy. Critically, compared with agematched wild-type littermates, they lost up to 40% of mDA neurons in the substantia nigra pars compacta and ventral tegmental area by 12 months of age. The length and complexity of neurons positive for tyrosine hydroxylase (TH, a component of the dopamine biosynthetic pathway and a marker of mDA neuronal identity) were reduced in A53T mice, and astrocytosis and microgliosis were present in the midbrain in these animals. Increased accumulation of ␣-synuclein was seen in mDA neurons of A53T mice at both 12 and 18 months of age. Western blot analysis showed more highmolecular-weight bands positive for ␣-synuclein in A53T tissue, suggesting that A53T mice have a greater proportion of aggregated ␣-synuclein than in controls (which is pertinent to PD because Lewy bodies are largely comprised of aggregated ␣-synuclein). Abnormalities in the Golgi, in synaptic release of dopamine, and in autophagy and lysosomal pathways were also detected.
Having revealed features consistent with PD pathology, Lin et al. (2012) sought to determine a mechanism for the loss of mDA neurons. The rearing abnormalities in the A53T mice provided a clue: the authors noted their similarity to those in a Nurr1 conditional knock-out mouse. Nurr1 controls the transcription of genes critical to mDA neurons, and is important for the maintenance of functional properties and survival of these cells. Progressive loss of mDA neurons occurs when Nurr1 is genetically ablated after terminal differentiation (Kadkhodaei et al., 2009) , and Nurr1 expression is significantly decreased in mDA neurons in postmortem PD brain (Chu et al., 2006) . Lin et al. (2012) asked whether ␣-synuclein might be responsible for the reduction in Nurr1 by examining the expression and function of Nurr1 in A53T mice. Nurr1 expression was reduced in some mDA neurons, but unchanged in non-DA cells. Although not quantified, from cell to cell the presence of excess ␣-synuclein appeared to correlate with a reduction of nuclear Nurr1, and affected cells had reduced expression of TH neuronal markers. In contrast, THpositive neurons lacking ␣-synuclein accumulation had normal Nurr1 staining.
These differences in Nurr1 staining were seen despite Nurr1 mRNA levels being comparable between A53T and wildtype mice, implying that modulation of Nurr1 by ␣-synuclein occurs after transcription. This was examined in HEK293 cells, where transient expression of wildtype or A53T ␣-synuclein was found to suppress expression of endogenous Nurr1, whereas Nurr1 expression increased following proteasomal inhibition using the selective inhibitor MG132. These findings were taken forward in primary neuronal cultures from A53T and wild-type mice. In these cells, five days of treatment with MG132 significantly increased nuclear Nurr1 staining in, and survival of, TH-positive neurons from A53T mice, but had no effect on control neurons. Lin et al. (2012) concluded that stabilization of Nurr1 via proteasomal inhibition may ameliorate degeneration of mDA neurons induced by ␣-synuclein.
The conclusion that proteasomal inhibition might rescue neurons is surprising. The ubiquitin proteasome system is thought to play a critical role in maintaining cellular health by depletion of unwanted or misfolded proteins. Moreover, disruption of this system has been proposed to contribute to several neurodegenerative diseases, including PD. Although Lin et al. (2012) observed no clear change in proteasomal function in untreated A53T mice, function was impaired in previous PD models in which ␣-synuclein was mutated or overexpressed (Cook et al., 2012) . Furthermore, genetic ablation of the 26S proteasome complex in transgenic mice, which completely abolishes ubiquitinmediated proteasomal degradation, causes neurodegeneration and intraneuronal ␣-synuclein pathology resembling human Lewy bodies (Bedford et al., 2008) . These models would predict that A53T neurons fair worse rather than better after administration of MG132.
How might these separate studies be reconciled? It is important to highlight their differences. For example, in contrast to the A53T mice used by Lin et al. (2012) , previous transgenic models have generated substantial increases in ␣-synuclein expression, far beyond the level seen in PD, with potentially different effects on proteasomal function (Lin et al., 2009) . The concentration of MG132 may also be pivotal. Lin et al. (2012) used a low MG132 concentration (10 nM) when treating neurons, whereas a higher concentration (10 M) was used to treat HEK293 cells. Different concentrations of MG132, in the range seen here, have opposite effects on virally induced apoptosis in a prostate cancer cell line: as inhibition is increased, proapoptotic factors accumulate and can outcompete anti-apoptotic factors, resulting in cell Figure 1 . The relationship between Nurr1 and ␣-synuclein under different proteasomal conditions. A, Under steady-state conditions, each protein negatively regulates the abundance of the other. Nurr1 inhibits the transcription of ␣-synuclein, while ␣-synuclein expedites the proteasomal breakdown of Nurr1. B, With brief, partial proteasomal inhibition, ␣-synuclein loses its ability to negatively regulate Nurr1, but Nurr1 can still inhibit ␣-synuclein. A positive feedback loop is created, favoring Nurr1. C, With chronic, complete proteasomal inhibition, existing models predict that ␣-synuclein will accumulate, despite Nurr1 being relieved of negative regulation. This suggests that Nurr1 levels can be suppressed by other means or that Nurr1 activity is impaired after ␣-synuclein levels become too high.
death (Lin et al., 1998) . The time course of inhibition should also be noted: inhibition over a matter of hours in rat cerebellar neurons can be anti-apoptotic, whereas longer treatment (16 h) is proapoptotic (Butts et al., 2005) . The fiveday treatment used by Lin et al. (2012) might have a different effect than the permanent inhibition seen in 26S proteasome knock-out mice (Bedford et al., 2008) .
There is a further point to consider. Lin et al. (2012) showed that ␣-synuclein negatively regulates Nurr1, but Nurr1 has previously been shown to negatively regulate transcription of ␣-synuclein in neuroblastoma cells (Yang and Latchman, 2008) . Therefore, a positive feedback loop may exist, wherein a small increase in one of these two proteins can self-perpetuate (Fig. 1) . Although this loop would undoubtedly be subject to complex regulation, it is conceivable that brief and partial proteasomal inhibition might favor accumulation of Nurr1, at the expense of ␣-synuclein. As proteasomal inhibition becomes more complete, and of longer duration, accumulation of ␣-synuclein may dominate Nurr1 and evade Nurr1-mediated transcriptional repression. However, under these conditions the prediction would be that Nurr1 levels would be maintained to some extent, perhaps partially offsetting neuronal death induced by ␣-synuclein.
It would be intriguing to examine the effect of a longer duration or higher dose of MG132 treatment on A53T neurons. What would happen to Nurr1 levels under these circumstances? If depleted, this would suggest that ␣-synuclein can suppress Nurr1 levels via other mechanisms besides proteasomal regulation. If not, perhaps ␣-synuclein can impair Nurr1 activity directly. Although demonstrated in primary neuronal cultures, it would be of great importance to determine whether proteasomal inhibition via MG132 (or another inhibitor) can rescue A53T neurons in vivo. The A53T mouse model could be used to determine the therapeutic window for proteasomal inhibition in the treatment of ␣-synuclein toxicity, if indeed such a window exists.
The study by Lin et al. (2012) points to a novel disease pathway in PD, whereby ␣-synuclein depletes vulnerable neurons of proteins important for survival, and the study provides thought-provoking data on the possible role of proteasomal inhibition in the treatment of this disorder. Proteasomal inhibition is generally regarded as having a detrimental impact upon neuronal health in PD, but Lin et al. (2012) show that the interaction between key pathogenic proteins and the proteasome is likely to be much more nuanced than previously thought.
